We review zebrafish models of hepatocellular carcinoma and highlight how the contributions using this model organism are unique. We focus on efforts to model the wide spectrum of genetic mutations found in hepatocellular carcinoma, the biochemical and hormonal changes associated with cirrhosis, the effects of the cancer microenvironment, and the role of metabolic processes such as glutamine and glucose metabolism, autophagy, and oxidative stress.
The incidence of hepatocellular carcinoma (HCC) and the mortality resulting from HCC are both increasing. Most patients with HCC are diagnosed at advanced stages when curative treatments are impossible. Current drug therapy extends mean overall survival by only a short period of time. Genetic mutations associated with HCC vary widely. Therefore, transgenic and mutant animal models are needed to investigate the molecular effects of specific mutations, classify them as drivers or passengers, and develop targeted treatments. Cirrhosis, however, is the premalignant state common to 90% of HCC patients. Currently, no specific therapies are available to halt or reverse the progression of cirrhosis to HCC. Understanding the genetic drivers of HCC as well as the biochemical, mechanical, hormonal, and metabolic changes associated with cirrhosis could lead to novel treatments and cancer prevention strategies. Although additional therapies recently received Food and Drug Administration approval, significant clinical breakthroughs have not emerged since the introduction of the multikinase inhibitor sorafenib, necessitating alternate research strategies. Zebrafish (Danio rerio) are effective for disease modeling because of their high degree of gene and organ architecture conservation with human beings, ease of transgenesis and mutagenesis, high fecundity, and low housing cost. Here, we review zebrafish models of HCC and identify areas on which to focus future research efforts to maximize the advantages of the zebrafish model system. H epatocellular carcinoma (HCC) is the fifth most commonly diagnosed cancer worldwide, however, HCC is the second leading cause of cancer death, causing almost 750,000 deaths in 2012. 1 Mortality resulting from HCC approximates incidence, and incidence is increasing in most countries with an expected peak around 2021 in the United States. 2 Because of advances in public health, chemotherapy treatment, and immunology, the mortality rates for many other types of cancer are decreasing in the United States. In stark contrast, however, liver cancer had the greatest increase in mortality between 1990 and 2009 among all cancers. 3 When detected early, HCC can be treated curatively with surgical resection, transplantation, or occasionally with local ablative techniques. 4 Transplantation is limited, however, because of the number of available donor organs, and the majority of HCC cases are detected after the point during which surgical or local ablative techniques are effective. 5, 6 When surgery and local ablative therapies are not viable options, HCC patients are treated with sorafenib, a multikinase inhibitor with anti-angiogenesis properties. Treatment with sorafenib extends overall median survival by 3 months. 7 Since its introduction more than a decade ago, researchers have sought to build on the success of the Sorafenib Hepatocellular Carcinoma Assessment and Randomization Protocol trial, but these efforts to iteratively improve upon this efficacy with new chemotherapeutics have largely been disappointing. 8 Thus, some clinicians involved in the original Sorafenib Hepatocellular Carcinoma Assessment and Randomization Protocol trial suggested, "Continuing the drug development process in the same manner as we have in the past is unlikely to yield significant improvements." 9 Nevertheless, additional vascular endothelial growth factor receptor-targeting agents (lenvatinib, ramucirumab, cabozantinib, and regorafenib) recently were approved for treatment of HCC. As predicted, however, these agents only modestly improve mean overall survival. 10, 11 Similarly, recently approved immuno-oncology therapies (nivolumab, pembrolizumab) enhance the treatment options for these patients, but have not yet led to a fundamental breakthrough. 10, 11 Effective treatments for breast cancer and other solid tumors have been developed by targeting specific molecular abnormalities linked to diagnostic biomarkers. Recent technological innovations in DNA and RNA sequencing have spurred greater understanding of the genetic mutations and transcriptional abnormalities found in various cancers, including HCC. These efforts have shown many of the prevalent driver mutations present in HCC, including those in the telomerase reverse transcriptase (TERT) promoter, tumor protein 53 (TP53), and b-catenin (CTNNB1), 12 however, the overall heterogeneity of HCC tumors is high compared with other solid tumors. 13 Because of this variability, efforts to generate and study animal models of individual mutations and combinations of mutations are needed to develop targeted interventions.
The putative driver mutations for HCC are heterogeneous, and the initial liver injuries that precipitate mutagenesis vary from viral infection, to alcohol-or druginduced liver injury, and to obesity and metabolic syndrome. Regardless of etiology, however, liver disease typically progresses through similar stages of inflammation and fibrosis to cirrhosis-the pathologic condition characterized by liver scarring formed by excessive collagen deposition and remodeling. 14 More than 90% of HCC cases arise in patients with underlying cirrhosis, 15 classifying cirrhosis as a premalignant condition and one of the greatest risk factors for developing cancer of any type. Currently, there are no available treatments to stop the progression of cirrhosis to HCC. Instead, clinicians rely on surveillance programs involving imaging and biomarkers (eg, a-fetoprotein) to screen patients' cirrhotic livers periodically for newly developed tumors. 16 Thus, a better understanding of the molecular and cellular links between fibrosis and HCC could lead to effective preventive treatments.
Biomedical research exists in a virtuous cycle of iterative gains in knowledge of disease from bedside to benchside back to bedside. 3 These iterations, however, have been slow to yield transformative innovations for HCC treatment. This lack of progress suggests novelty and creativity must be applied at all points along the cycle. To wit, zebrafish cancer models are rapidly gaining in popularity and yielding clinically translatable insights. [17] [18] [19] Zebrafish are vertebrates and have high conservation of both genes and organs with human beings, 20 including the liver. 21 Study of liver development in both fish and mammals can show new insight into HCC development. Many mechanisms of liver development and regeneration are shared in hepatic oncogenesis, Figure 1 . Zebrafish are a model system at the center of the reductionist to integrative experimental axis. Because they are amenable to live imaging and chemical and random mutagenesis screening studies, zebrafish larvae are an effective model system to study liver development and surrogate liver disease phenotypes. Because zebrafish develop liver cancer and are inexpensive to house, longitudinal studies using large cohorts of adult zebrafish can investigate the drivers of HCC. Thus, researchers using zebrafish have the advantages of both reductionist and integrative model systems. The protein crystal structure is TERT 158 (PDB: 3DU5). 2D, 2-dimensional; 3D, 3 dimensional. and this important concept is reviewed elsewhere. [21] [22] [23] [24] Zebrafish develop cancer when exposed to carcinogens or mutagens and in response to transgenic overexpression of oncogenes. 18 Zebrafish model systems have several advantages compared with other animal models. Their high fecundity and low housing costs allow for forward genetic screening as well as large experimental sample sizes. They are transparent and develop externally, allowing for in vivo imaging and analysis of normal organogenesis mechanisms. New advances in sequencing and genome editing are further increasing the utility of zebrafish cancer models. [25] [26] [27] [28] Smallmolecule drugs can be added directly to the zebrafish water. 29 If a larval-stage phenotype is found, then wholeorganism, high-throughput chemical screening can be performed to identify the signaling pathways involved and assess potential molecular interventions 30 (Figure 1 ).
This review focuses on the current state of zebrafish HCC models, discussing their unique contributions and highlighting areas in which researchers should focus future efforts. We highlight efforts to use transgenic and mutant zebrafish to model the spectrum of genetic mutations and epigenetic changes found in human HCC. We describe the utility of investigating the molecular mechanisms of normal liver organogenesis to understand cancer mechanisms. We show how chemical screening experiments on zebrafish larvae yield insight into the biochemical, hormonal, and metabolic changes associated with cirrhosis. We review zebrafish studies that focus on the microenvironmental changes such as fibrosis, inflammation, and tumorassociated cell types. Finally, we assess zebrafish strategies to model cellular processes disrupted during liver disease progression including oxidative stress, drug-induced liver injury, and autophagy. Throughout, we highlight areas in which future zebrafish research would be impactful.
Modeling Genetic Mutations Found in HCC
HCC arises from the accumulation of multiple genetic mutations resulting in changes to the genomic landscape 13 (Figure 2 ). Recent studies using whole-genome and exome sequencing enabled identification and analysis of the genetic alterations contained in HCC patient tumors. 31 Further efforts to analyze these data sets will uncover recurrent and novel HCC driver mutations. Personalized medicine is a term used to describe clinical approaches that match a molecular treatment to individual differences in genetic make-up. The canonical example of a successful personalized medicine strategy is treating human epidermal growth factor receptor 2 (HER2)-positive breast cancer patients with trastuzumab, which specifically targets HER2. 32 In HCC, the mean number of mutations per tumor is between 35 and 80, and it is estimated that 4-8 of these mutations are truly oncogenic drivers. 33 Identifying potential driver mutations is an important first step toward personalized medicine for HCC, but to truly be effective, a treatment must address a bona fide dominant oncogenic addiction loop, be tied to an extant and reliable biomarker to identify suitable patients, and use an efficacious and safe therapeutic agent. 34 Animal models are needed for preclinical testing of each of these conditions.
Between 47% and 60% of HCC cases present with activating mutations in the TERT promoter, which lead to hyperactivation of TERT and genomic instability. 31, 35 Typically, TERT expression is repressed in somatic cells including hepatocytes, which restricts the total number of cell divisions. In contrast, TERT expression often is high in self-renewing cells such as stem cells, and a recent study identified a population of hepatocytes that express high levels of TERT and can repopulate the liver during both homeostasis and after injury. 36 Cancer cells hijack this stem cell mechanism to avoid the Hayflick limit and proliferate unrestrained. Inactivating mutations in TP53 are the second most common mutations found in HCC patients, occurring in more than 30% of cases. 34 Known as the guardian of the genome, TP53 is a potent tumor suppressor that acts by initiating cell-cycle arrest or apoptosis in response to various cellular stressors including DNA damage and is thought to be undruggable. 8 Frequent mutations leading to activation of the Wingless (Wnt) pathway, especially b-catenin (CTNNB1) and axin, 37 and Ras pathways 38 also are observed in HCC. Epigenetic changes occur as well, including global DNA hypomethylation and mutations in epigenetic regulators, such as the chromatin remodelers ARID1A, ARID2A, and KMT family genes. 9 Aggressive cases of HCC often contain mutations in UHRF1, an essential regulator of DNA methylation. 39 Zebrafish develop cancer, including HCC, spontaneously, after exposure to carcinogens, or as a result of genetic mutagenesis. 18, 40 Zebrafish livers are similar in structure to mammalian livers, consisting of polarized hepatocytes supported by biliary epithelial cells, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), and various immune cells, and they develop HCC, which is histologically similar to mammalian systems. 19 Transgenic and mutant zebrafish have been developed to model aspects of Wnt and Ras signaling and the epigenetic underpinnings of HCC. Zebrafish models of HCC begin with mutation or transgenic overexpression of a known or suspected oncogene. Transgenesis often is accomplished by using the Tol2 transposon system derived from Medaka fish. 41, 42 Several kits have been developed to enable rapid Tol2-plasmid construction using Gateway cloning methods to combine tissue-specific promoters, various transgenes, and fluorescent reporters in a modular way. 43, 44 Many of the zebrafish models of HCC use the fatty acid binding protein 10a (fabp10a) promoter to drive hepatocyte-specific transgene expression. 45 Furthermore, because of their large clutch size, zebrafish have long been used for forward genetic screening using random mutagenesis to induce and identify mutations and are responsible for important developmental phenotypes. [46] [47] [48] [49] These approaches and, more recently, the Sanger Center's Zebrafish Mutation Project generated mutant alleles, which cover much of the zebrafish genome. 50 Furthermore, approaches utilizing clustered regularly interspaced short palindromic repeats -CRISPR-associated protein 9 (CRISPR-Cas9) are becoming the dominant method to create additional mutations. 51 High-efficiency CRISPR-mediated mutagenesis protocols enable phenotypic analysis in the F 0 generation, 26 and tissue-specific knockouts are possible using loxP insertions and Cre recombinase-mediated excision. [52] [53] [54] This plethora of genetic tools allows flexibility and creativity in generating zebrafish cancer models.
In some cases, disrupting a single signal is sufficient to induce and model HCC, however, strategies to potentiate HCC formation often are used in parallel. The 2 most fruitfully used zebrafish cancer potentiation assays are to cross the novel transgenic or mutant line into the tp53 null background 55 or to compare tumorigenesis rates in the fish of interest with wild-type siblings after treatment with a chemical carcinogen, such as 7,12-dimethylbenz[a]anthracene (DMBA). DMBA is metabolized primarily in the liver and induces a baseline level of liver tumorigenesis. 56 In both cases, comparing cohorts of transgenic or mutant fish with cohorts of their wild-type siblings can yield insight into tumor initiation rate as well as HCC progression. These tumor-induction strategies have distinct benefits: the tp53 -/strategy allows for consistent tumor generation with a single tumor-suppressor mutation present in both control and experimental cohorts, whereas the DMBA carcinogen model induces a variety of mutations, which might better model the broad spectrum of mutations found in human disease.
Cell-Cycle Pathway and Epigenome Modifiers
Zebrafish mutants for tp53 develop malignant peripheral nerve sheath tumors at a moderate rate of approximately 28% by 16.5 months. 55 Although these mutants do not develop HCC spontaneously, tp53 mutant zebrafish develop liver tumors if a secondary insult is present. Thus, one effective method to determine if a low-penetrance allele is truly a driver mutation is to compare liver tumor rates between fish bearing the novel allele and the tp53 inactivating mutation with fish bearing the tp53 mutation alone. For example, ubiquitin-like with plant homeodomain and Really Interesting New Gene finger domains 1 (UHRF1) is expressed in many cancers and functions to regulate DNA methylation. Although mutations in UHRF1 sometimes are found in human HCC, it was not known whether these were driver or passenger mutations. To address this question, Mudbhary et al 39 overexpressed human UHRF1 in zebrafish and observed DNA hypomethylation and decreased liver size during development. When combined with tp53 haploinsufficiency, UHRF1 overexpression induced liver cancer at an accelerated rate, and confirmed UHRF1 as a bona fide oncogene. 39 
Wnt Signaling
A large subgroup of HCC cases is classified by activation of the Wnt signaling pathway: approximately 19% of human HCC cases carry activating mutations in CTNNB1, and 10% of cases carry inactivating mutations in AXIN1. 37 Developmental studies in zebrafish have shown critical roles for Wnt signaling during normal liver organogenesis. 57 Inactivating mutation of zebrafish adenomatous polyposis coli (apc) activated Wnt/b-catenin signaling and induced spontaneous formation of intestinal, pancreatic, and liver tumors. 58 The extent of tumorigenesis was increased when combined with the chemical carcinogen DMBA. A complementary transgenic model of Wnt-activated HCC uses a hepatocyte-specific promoter to drive an activated form of Figure 2 . Genetic mutational landscape of HCC. Font size and gene name frequency correlate to the frequency of mutations found in tumors from patients with HCC based on data from Lee 31 and Zucman-Rossi et al. 34 Green-colored genes have well-established zebrafish HCC models. Orange-colored genes have zebrafish HCC models of closely related genes or pathways, and red-colored genes have no published zebrafish HCC model. b-catenin. 59 These fish showed an enlarged liver phenotype during larval stages and developed spontaneous liver tumors by 3 months post fertilization (mpf). The Stainier group used this as a surrogate phenotype to screen for chemicals that might prevent Wnt-driven HCC, discovering c-Jun N-terminal kinase (JNK) inhibitors and serotonin reuptake inhibitors rescued the large liver phenotype. 59 Thus, the molecular and cellular mechanisms by which the Wnt/ b-catenin signaling pathway operates during normal development and HCC progression were illuminated and potential treatment avenues identified.
Ras Signaling and Cross-Talk
Up to 50% of HCC tumors present with some form of activation of the Ras signaling pathway, 37 and approximately 7% of HCC cases have mutations in KRAS. 60 Nguyen et al 61 developed several transgenic zebrafish lines expressing activated forms of Ras in hepatocytes. Transgenic zebrafish expressing zebrafish kras V12 developed liver tumors by 65-90 dpf. 61 The rate of tumor formation was accelerated when bred into the tp53 mutant background but with no increase in overall tumor formation. To tune the levels of Ras activation, an inducible, hepatocyte-specific kras V12 transgenic fish line also was generated. 62 A chemical screen in this line showed that simultaneous treatment with inhibitors targeting the Raf-MEK-ERK and the PI3K-AKT-mTOR pathways reduced liver size at 7 dpf. 62 Subsequent iterations of the transgene overexpression strategy generated models of HCC by expressing murine Myc, 63 or a fish-specific oncogene xmrk, a hyperactive mutant epidermal growth factor receptor homolog. [64] [65] [66] [67] Crossing these lines facilitated analysis of cooperation between the signaling pathways. Zebrafish studies have shown that hepatocyte-specific expression of a dominant-negative form of RhoA caused increased mortality in the kras V12 HCC model. 68 Similarly, cross-talk between the epidermal growth factor and kras pathways was explored using xmrkand kras V12 -expressing zebrafish. 67 Expanding these models by taking advantage of larval-stage phenotypes correlating to HCC development (ie, enlarged livers by 5-7 dpf), chemical inhibition studies were performed to examine how differentially driven tumors respond to treatments. Smallmolecule inhibition of vascular endothelial growth factor/ fibroblast growth factor pathway reversed the kras V12 -and Myc-induced liver enlargement phenotype, whereas Wnt pathway suppression rescued the kras V12 phenotype but not the Myc phenotype. 69 Expansion of this strategy could enable development of molecular targeted therapies based on which signaling pathways are activated in patient tumors.
Hepatitis B and C
Hepatitis B virus (HBV) and hepatitis C virus (HCV) can contribute to HCC by directly integrating into and disrupting cancer-related genes such as TERT. Chronic HBV or HCV infection also causes inflammation and oxidative stress, which can lead to fibrosis and cirrhosis (discussed later). Furthermore, expression of viral core proteins contributes to HCC. Cell culture and mouse model experiments have shown that expression of hepatitis B x antigen (HBx) and viral envelope proteins dysregulated cellular transcription and proliferation (reviewed by Levrero and Zucman-Rossi 70 ). Likewise, cell culture and mouse models indicated that expression of HCV core protein and the nonstructural proteins NS3 and NS5A contributed similarly to oncogenic transformation (reviewed by Arzumanyan et al 71 ). Transgenic expression of HBx in the zebrafish liver induced steatosis, increased expression of lipogenic genes, and induced liver hyperplasia. 72 A second study crossed hepatocyte-specific HBx transgenic fish into the tp53 mutant background and found HCC present in 44% of fish by 11 mph. 73 In previous work, the Yuh group found HBx transgene up-regulated the src tyrosine kinase signaling pathway in mice, 74 and they verified transgenic fish overexpressing src also developed HCC at an increased rate in the tp53 mutant background. 73 Future zebrafish studies should focus on overexpression of HBV preS/S envelop proteins or model integration of HBV into specific genomic loci such as the tert promoter.
Transgenic zebrafish expressing HCV core protein (HCP) developed HCC at twice the rate of wild-type controls when exposed to the carcinogen thioacetamide. 75 A second set of studies developed zebrafish models to investigate how HCP transcription and translation are regulated in vivo. 76, 77 Such models could be used for chemical screening to identify drugs capable of suppressing HCV replication. Interestingly, transgenic expression of both HBx and HCP in hepatocytes-a model of HBV and HCV co-infection-caused fish to develop severe liver fibrosis and intrahepatic cholangiocarcinoma (ICC). 78 HBx and HCP co-expression activated the transforming growth factor (TGF)-b-dependent JNK/pSmad3L pathway, and tgfb1 knockdown mitigated fibrosis and ICC development. 78 In sum, zebrafish models are useful for investigating specific mechanisms by which HBV and HCV induce liver cancer.
In these ways, zebrafish models offer advantages to study and validate oncogenic driver mutations found in HCC. The tp53 mutant background allows for discovering the effects of other mutations for driver potential. 55 The apc mutants 57, 58 and b-catenin transgenic line 59 enable modeling Wnt-driven HCC. Epigenetic regulators frequently mutated in HCC are delineated by dmnt mutant fish 79 and the transgenic line overexpressing UHRF1. 39 Ras, Myc, and epidermal growth factor signaling, pathways that frequently are up-regulated in diverse mutational landscapes, are modeled by transgenic lines expressing activated forms. 61, 80 Transgenic overexpression of HBV and HCV proteins facilitate modeling virus-induced HCC and ICC. 73, 78 Cumulatively, these tools allow for reductionist approaches to probe molecular mechanisms driving different types of HCC tumors and offer opportunities to discover druggable weaknesses and develop targeted therapies.
One aspect of HCC that is not well understood in any model organism is TERT activity. This is despite the fact that TERT-activating mutations are the most commonly observed. Zebrafish with liver-specific TERT overexpression would be a clinically relevant background upon which to study how other driver mutations function-similar to the tp53 mutation synergy strategy. To complicate matters, TERT has context-dependent roles in cirrhosis and HCC; although TERT activation is a hallmark of HCC, TERT inactivation is linked to cirrhosis, and reactivation of TERT can reduce cirrhosis in mouse models. 81 Furthermore, the identification of a population of TERT high hepatocytes, which repopulate the liver both during homeostasis and after injury, raises questions as to whether this population of cells is present in humans and disrupted in liver disease. 36 Clearly, the continued generation of novel HCC models is imperative to develop treatment and prevention strategies for HCC. Many of the druggable target gene mutations (ie, protein kinases and other enzymes) found in other cancer types, however, are mutated infrequently in HCC. 31 This argues both for increased investment in developing new classes of drugs to target difficult mutant proteins and for investment into investigating changes associated with cirrhosis to develop novel HCC prevention strategies.
Modeling Microenvironmental, Biochemical, and Inflammatory Changes Associated With Cirrhosis
More than 90% of HCC tumors arise in the background of a cirrhotic liver. Thus, cirrhosis is a highly relevant indicator of cancer risk. Despite this clear risk, the molecular links between cirrhosis and tumor formation are largely unknown. In contrast, much is known about the biochemical and physical changes in the cirrhotic liver, including increased estrogen levels, 82, 83 decreased selenium levels, 84 and increased physical stiffness. [85] [86] [87] To understand how individual changes such as these may be causative to liver cancer development, reductionist in vivo models are needed.
Hormone Imbalance
In most countries, both liver disease and HCC are sexually dimorphic: more frequent in males than females with ratios ranging from 2:1 to >5:1. 88 Sex hormone imbalance occurs in males with alcoholic cirrhosis as a decrease in testosterone and increase in free estrogen. 89 Furthermore, estrogen levels increase in patients during liver regeneration after resection, indicating a potential role of estrogen in liver cell growth. 90 To model the effects of estrogen on liver health in zebrafish, our group treated zebrafish with 17b-estradiol (E2) and found increased liver size in both adults and larvae. 91 Transcriptomic analysis showed increased gene expression of cell-cycle regulators, particularly in male livers. Furthermore, metabolomic analysis showed estrogen exposure induced changes in pyrimidine and purine metabolism, again predominantly in male livers. To identify the receptor by which estrogen mediates its effect, we leveraged the larvae liver size phenotype: chemical inhibition of canonical estrogen receptors 1 and 2 had no effect on liver size. In contrast, when an inhibitor of the G-protein-coupled estrogen receptor (gper) was present, E2 treatment failed to increase liver size. Thus, E2 exerts its effect via noncanonical estrogen signaling through gper.
We tested the molecular mechanisms downstream of gper and showed that phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin (mTOR) signaling were necessary because inhibitors of several enzymes in this cascade reduced or ablated the ability of E2 to increase larval liver size. gper -/zebrafish showed significantly reduced DMBA-induced tumor formation. In an additional tumorigenesis study, wild-type (WT) fish treated with E2 developed more tumors than controls and co-treatment with a chemical GPER inhibitor decreased mortality and tumor growth. Importantly, this effect was evident almost entirely in the male cohort. 91 This study highlights 2 of the most important advantages of zebrafish cancer models: the ability to sex-stratify longitudinal cancer studies while maintaining cohorts of an appropriate number for meaningful statistical analyses, and the ability to use surrogate, larval-stage phenotypes to uncover necessary molecular receptors and efficacious chemical inhibitors.
Nutrient Deficiencies
Selenium is an essential nutrient found to be deficient in some cirrhotic patients. 84, 92 Selenium is incorporated into and essential for the function of selenoproteins, a class of proteins shown to have context-dependent tumor-preventing or tumor-promoting activity. 93 To investigate the role of selenium in HCC formation, our group began with the observation that zebrafish with a mutation in selenoprotein H (seph; ortholog of human SELH) had severe defects in endodermal organogenesis. Transcriptomic profiling of seph mutants showed up-regulation of an inflammatory gene signature and strong induction of Tp53 target genes. 94 To show genetic linkage between tp53 and seph, we compared DMBA-induced gastrointestinal tumor formation in the progeny of tp53 -/-;seph þ/fish and found that seph deficiency greatly increased tumor formation over the course of 1 year. 94 This study provides molecular and genetic evidence for decreased selenoprotein H function as a mechanism by which selenium deficiency in cirrhotic patients leads to HCC. It will be important to apply zebrafish disease modeling strategies to other micronutrient deficiencies associated with nonalcoholic fatty liver disease (NAFLD) and liver disease. 95 
Mechanotransduction and Glutamine and Glucose Metabolism
Cirrhosis is an advanced stage of liver fibrosis. Fibrosis is the result of excess extracellular matrix production and cross-linking mediated primarily by HSCs, the liver's resident fibroblasts, in response to chronic injury. 96 The regenerative capacity of the liver allows fibrosis to accumulate over decades and create a unique cellular microenvironment that might promote the accumulation of oncogenic mutations and survival of transformed cells. 97 An additional consequence of massive fibrosis is increased physical stiffness. Within cirrhotic patients, liver stiffness, which can be measured via ultrasound or magnetic resonance elastography in the clinic, correlates with increased HCC risk, but whether stiffness is causative for HCC development is unknown. 85 Thus, animal models of liver stiffness and molecular signaling pathways associated with mechanotransduction are needed.
Altered activity of Yes-associated protein (Yap), the transcriptional regulator central to the Hippo pathway, recently has emerged as one mechanism by which cells respond to mechanical cues such as substrate stiffness. 98 Although mutations in Yap or Hippo signaling pathway genes are not frequent in HCC, immunohistochemical analysis of HCC samples showed nuclear Yap staining, indicative of active Yap signaling, in approximately 60% of cases, implicating transcriptional or post-transcriptional misregulation of Yap. 99 To investigate how Yap influences HCC, we examined the Tg(-2.8fabp10a:yap1-1b S87A ) transgenic line (referred to as lf:Yap) that expresses an activated form of Yap specifically in hepatocytes. 100 Hepatocyte-specific overexpression of activated Yap induced hepatomegaly in both adult and larval zebrafish. Importantly, liver tumor formation after DMBA exposure was accelerated in lf:Yap fish compared with WT sibling controls. Transcriptomic analysis indicated increased expression of glutamine synthetase genes (glula and glulb) in lf:Yap livers. Metabolomic analyses and in vivo isotopelabeled nitrogen incorporation assays confirmed that Yap acts to reprogram nitrogen metabolism via glutamine synthetase and promote the formation of glutamine as a precursor for nucleotide biosynthesis. Disruption of glula and glulb by antisense morpholino injection returned lf:Yap livers to WT size, and chemical inhibition of glutamine synthetase rescued the hepatomegaly phenotype in both larval-and adult-stage zebrafish. 100 An additional study showed that Yap similarly regulates expression of glucose transporter glut1, modulating glucose uptake. 101 Treating lf:Yap larvae with either of 2 separate small-molecule Glut1 inhibitors normalized the large liver phenotype. 101 Thus, using a transgenic zebrafish model in tumorigenesis studies followed by mechanistic analysis using both adult-and larval-stage surrogate phenotypes identified Yap signaling as a driver of HCC, illuminated novel biochemical and molecular mechanisms, and validated novel chemical inhibition strategies.
The earlier-described examples illuminate strategies used and contributions made to understanding genetic and environmental drivers of HCC using zebrafish models. In the remaining sections, we discuss how zebrafish are being used to understand emerging mechanisms that sustain and influence HCC (Figure 3 ).
Modeling Microenvironmental Changes Associated With Inflammation
The cellular composition of the zebrafish liver is similar to that of the mammalian liver (Figure 4 ). The zebrafish liver has 3 lobes: 2 lateral and 1 ventral. The hexagonal lobule architecture of mammalian livers, however, is not present in zebrafish; instead, hepatocytes are arranged in tubules consisting of 2 rows of hepatocytes. 19 The apical side of each hepatocyte faces bile ductules, and the basolateral side of each hepatocyte faces LSECs. 102, 103 Zebrafish bile canaliculi exist within each hepatocyte rather than between hepatocytes, as found in the mammalian liver. 104 Thus, the functional polarity of the hepatocyte is conserved. The zebrafish liver also contains HSCs, which are activated in response to injury. 105, 106 The presence of liverresident macrophages remains controversial, with some pathology analyses indicating that the normal liver might not contain resident macrophages. 107 Nonetheless, populations of macrophages and neutrophils can be found in the liver, especially after injury, 108 and unpublished observations from our group suggest an important role for macrophages during liver development.
Much effort in the zebrafish community has focused on generating transgenic reporter lines using the promoter or enhancer regions of tissue-specific genes to drive expression of fluorescent proteins: fabp10a for hepatocytes, 45 kdrl or flk1 for LSECs, 109, 110 krt18 111 or a Notch-responsive Epstein-Barr virus tp1 enhancer 103 for cholangiocytes/ biliary epithelial cells, hand2 for HSCs, 105 mpeg1.1 112 and mfap4 113 for macrophages, lyz 114 and mpx (also called mpo) 114, 115 for neutrophils. Most studies have used these reporters to probe the mechanisms of normal liver development during larval stages, however, the following examples applied these reporters to adult zebrafish HCC models and probe the influence of tumor microenvironment (TME) cell types on tumorigenesis and HCC progression.
HCC develops most frequently in the context of chronic fibrosis and inflammation. These unique aspects of the TME are maintained by supportive cell types such as fibroblasts and immune cells. Investigating the mechanisms by which these supportive cells interact with hepatocytes and maintain the TME is vital.
Fibrosis is produced initially by liver resident fibroblasts-HSCs. 116 Liver inflammation is complex and involves many types of immune cells. The liver houses the largest percentage of macrophages in the body, and liver resident macrophages (ie, Kupffer cells) respond to many injury cues. 117 After a tumor is formed, immune and stromal cells become important for maintaining the TME. These include tumor-associated fibroblasts (reviewed by Kubo et al, 118 Affo et al, 119 117 Ringelhan et al, 121 and Shirabe et al 122 ) , and other immune cells. Understanding the interactions and co-dependencies between tumor cells and cell types in the TME as well as the signaling pathways involved could lead to new therapeutic targets or avenues.
To explore the involvement of neutrophils in HCC progression, Yan et al used the kras V12 -induced HCC model in conjunction with lyz:dsRed zebrafish, which labels neutrophils. 108 Upon kras V12 induction, they found rapid recruitment of neutrophils into the liver, and pharmacologic activation of neutrophils accelerated HCC progression. Transcriptional analysis of isolated hepatocytes implicated tgfb signaling activation, and analysis of isolated neutrophils showed a decrease in antitumor cytokine transcripts, which could be reversed by pharmacologic inhibition of Tgfb. 108 Thus, neutrophil-hepatocyte interactions should be explored further in cases of Ras-driven HCC as well as other HCC classes.
A study by de Oliveira et al 123 focused on how diet and macrophages influence HCC development. They used the activated b-catenin zebrafish HCC model 59 in combination with a high-cholesterol diet, which increased activated tumor necrosis factor-a þ macrophages in the livers of juvenile zebrafish. Treatment with metformin, a drug used to treat diabetes and NAFLD, or ablation of macrophages, reduced the effect of the high-cholesterol diet. 123 This study links dietary effects and macrophage function to inflammation and Wnt-driven HCC.
As discussed previously, HCC is a sex-biased disease, occurring far more frequently in males. 88 A study found that the kras-induced HCC model induced tumors more frequently in male fish compared with female fish. 124 Furthermore, tumors in male fish contained more invading TANs and TAMs than tumors in female fish. 125 Ablation of either neutrophils or macrophages during development led to decreased tumor size. Furthermore, cortisol was more highly expressed in male fish than in female fish, corresponding to a cohort of male HCC patients compared with females. Inhibition of glucocorticoid signaling resulted in decreased TAN and TAM recruitment and decreased tumor severity in male livers, whereas hydrocortisone treatment-a cortisol analog-increased TAN and TAM Figure 4 . Zebrafish liver cellular architecture and tumor microenvironment. The zebrafish liver contains the same types of cells as the mammalian liver: hepatocytes, biliary epithelial cells (cholangiocytes), liver sinusoidal endothelial cells, stellate cells, and macrophages. Similar to the mammalian liver, hepatocytes are polarized between blood vessels and bile ductules. The bile canaliculi in zebrafish exist within each hepatocyte rather than between hepatocytes as observed in mammals. Upon injury or onset of liver disease, stellate cells and macrophages take on activated phenotypes, and other immune cells such as neutrophils invade the liver. Transgenic zebrafish lines labeling each of these cell types (see text) enable studies focusing on interactions between normal, activated, and transformed cells within the tumor niche. recruitment and induced more aggressive tumors in female livers. 125 An additional study used the TgBAC(hand2:GFP) (Green fluorescent protein) line and found that male tumors in the kras V12 -induced HCC model also had increased HSC infiltration and activation compared with female tumors. 126 Serotonin, which has been linked to mouse and human HSC activation and liver disease progression in mice, 127 also was increased in male zebrafish livers. Activation of serotonin biosynthesis increased the severity of tumors in female fish; inhibition of serotonin biosynthesis decreased the severity of tumors in male fish. Transcriptional analysis of isolated HSCs implicated tgfb expression and secretion. 126 Male-biased tumorigenesis as well as cortisol activation of TANs and TAMs and serotonin-induced activation of HSCs also were observed in the xmrk and myc overexpression zebrafish liver tumorigenesis models. 67 This suggests that such mechanisms could be relevant in HCC cases carrying different driver mutations. These studies add to growing literature on the effects of sex hormones on HCC and show the practicality of zebrafish HCC studies, which can use cohorts of sufficient number to stratify studies based on sex and maintain statistical power.
This series of studies explored the HCC tumor microenvironment and used transcriptional analyses and pharmacologic interventions to investigate the molecular mechanisms responsible. Such zebrafish TME studies will be enhanced as the CRISPR technology improvements in the zebrafish community enable more tractable tissue-and cell type-specific knockout strategies. Future zebrafish liver cancer studies should focus on tumor vascularization, biliary tumors, and the influence of the adaptive immune system.
Current and Future Efforts
This final section focuses specifically on scientific areas we have identified that have been linked to HCC in other models, have tools or assays developed in zebrafish, and these tools have not been applied extensively to zebrafish HCC studies.
Aging
Because cancer frequency increases with age, animal models of aging are vital. Zebrafish have been used in aging research as a vertebrate model of very gradual senescence. 128 Zebrafish show some indicators of aging, but they live approximately 50% longer than laboratory mice, 129 which makes aging studies difficult. The African turquoise killifish Northobranchius furzeri, a similarly sized teleost, has a life span of approximately 8 weeks (depending on the strain), and it develops spontaneous liver and kidney neoplasias as a function of age. 130 Developing killifish HCC models similar to the zebrafish models described here should be a priority.
Modeling Autophagy
Autophagy is a lysosomal degradation pathway that maintains cellular homeostasis by degrading dysfunctional or unneeded cellular components and recycling them. As a highly metabolic organ, the liver uses autophagy for many normal processes, and dysregulation of autophagy is thought to play a role in many forms of liver disease including a 1 -antitrypsin deficiency, NAFLD/alcoholic-liver disease, HBV and HCV infection, fibrosis, and HCC 131 ( Figure 5 ).
Core autophagy proteins function to prevent liver cancer development: mosaic deletion of Atg5 or liver-specific deletion of Atg7 caused mice to develop liver tumors, 132, 133 as did Beclin1 haploinsufficiency. 134 However, the tumors formed in Atg7 or Atg5 null livers do not metastasize, which indicates that autophagy might be necessary for metastasis. 132, 133 Autophagy plays a role in fibrosis by governing the activation of HSCs. Oxidative stress induces endoplasmic reticulum stress and triggers the unfolded protein response 135 through the X-box binding protein 1 (XBP1) pathway, 136 inducing autophagy. Autophagy in HSCs functions to enable lipid-droplet degradation as part of the HSC activation process, which leads to liver fibrosis. 137 Liver-resident macrophages use autophagy differently, depending on the liver injury mechanism. In the carbon tetrachloride-induced liver fibrosis mouse model, liver-resident macrophages use autophagy to prevent release of inflammatory cytokines, which can activate HSCs and exacerbate liver fibrosis. 138 In a diet-induced mouse model of nonalcoholic steatohepatitis, however, saturated fatty acid (palmitic acid) treatment induced a maladaptive impairment of macrophage autophagy via hypoxia-inducible factor signaling, which led to release of proinflammatory cytokines. 139 Autophagy is a homeostasis-maintaining mechanism central to normal liver function and liver disease progression with overlapping mechanisms and cell type-and context-dependent functions.
Because of the conflicting roles of autophagy found in different liver cell types, model systems able to re-create and probe these interactions in vivo are vital to advancing our understanding. A clear advantage of zebrafish when compared with other model organisms is their suitability for live imaging, and several zebrafish autophagy reporter lines have been generated. The process of autophagy begins with recruitment of a double-membrane structure-the autophagosome-to engulf the targeted protein or organelle. The autophagosome then fuses with a lysosome, forming an autolysosome, where the contents are degraded and recycled. A commonly used autophagy reporter uses transgenic overexpression of GFP-Lc3, which tracks the localization of Microtubule Associated Protein 1 Light Chain 3 Beta (Map1lc3b or Lc3), a protein necessary for autophagosome formation. When autophagy levels in a cell are low, GFP-Lc3 remains diffuse in the cytoplasm, but when autophagy is activated, puncta of GFP can be observed and quantified because Lc3 clusters on nascent autophagosomes. 140 He et al 141 generated transgenic zebrafish ubiquitously expressing GFP-Lc3 and observed high levels of autophagy in various tissues during embryonic and larval developmental stages. A hepatocyte-specific GFP-Lc3 reporter zebrafish line also was generated, 142 and both the ubiquitous and hepatocyte-specific lines showed increased autophagy in response to inhibition of Tor signaling.
To enable more quantitative measurement of autophagy in vivo, the Mizushima group developed a ratiometric autophagy biosensor GFP-LC3-RFP-LC3DG. This probe is cleaved by endogenous autophagy-related peptidases and releases both GFP-LC3 and red fluorescent protein (RFP) fused to a mutant LC3 lacking C-terminal glycine (LC3DG), which is not targeted to autophagosomes and thus remains in the cytoplasm functioning as an internal control. 143 The ratio of GFP/RFP is therefore a carefully calibrated measure of autophagic flux. Injection of messenger RNA encoding this construct into zebrafish embryos allowed for characterization of autophagy in early embryonic stage zebrafish and several larval tissues including skeletal muscle, retina, and lens. They found that zebrafish null for FIP200-a gene known to be essential for autophagosome formation 144 -have drastically lower basal levels of autophagic flux. 143 This probe has not yet been applied to studying the role of autophagy in liver development or disease.
Drug-Induced Liver Injury, Oxidative Stress, and Mitochondria
Mitophagy is the selective degradation of mitochondria via autophagy in response to mitochondrial damage or stress. 145 Inappropriate mitophagy is linked to aging, neurodegenerative diseases, drug-induced liver injury (DILI), and cancer-including hepatocellular carcinoma. 131 Specifically, mitophagy is thought to be protective against both alcohol-induced 146 and acetaminophen (APAP)induced 147,148 liver injury. Because both ethanol and APAP metabolism lead to an increase in reactive oxygen species (ROS), and ROS damage mitochondria, selective removal of mitochondria after severe oxidative stress is hepatoprotective. The study of molecular mechanisms governing mitophagy in the context of liver disease is an emerging area of research; early indications from mouse models implicate Parkin 147 and Nrf2 149 signaling. Undeniably, more work must be done to illuminate the role of mitophagy in liver disease to develop new treatment options.
Zebrafish have been used in various ways to investigate liver injury mechanisms induced by oxidative stress. Zebrafish are a well-established model system for studying both alcohol-150 and APAP-induced 151 liver injury. The Sadler group performed pioneering studies establishing zebrafish larvae as a model for alcohol toxicity. 152, 153 Specifically, using larval ethanol exposures, they linked oxidative stress to the unfolded protein response and the development of hepatic steatosis. 152, 153 Adult zebrafish Figure 5 . Autophagy in normal, diseased, and injured liver. The autophagy pathway sequesters damaged organelles and cytosolic components in the Lc3-coated autophagosome, which then fuses with a lysosome to form an autolysosome where the cargo is degraded and recycled. During liver disease, autophagy plays varied roles in different liver cell types. Metabolic stress can activate autophagy in HSCs, causing their activation and contributing to fibrosis. Macrophages use autophagy to regulate cytokine release depending on the injury model (fibrosis or nonalcoholic steatohepatitis [NASH]). In HCC, autophagy limits tumor formation and growth but also can promote survival of metastases. In DILI, mitophagy functions to clear ROS-damaged mitochondria to limit liver damage. CYP2E1, Cytochrome P450 2E1. models of alcohol toxicity also show promise for future work on alcohol's influence on fibrosis and HCC. 154, 155 In collaboration with North et al, 151 our laboratory developed both larval and adult zebrafish models of APAP toxicity. A targeted chemical screen identified prostagalndin E2 treatment reduced APAP-induced liver toxicity to a similar extent as N-acetylcysteine, the only treatment currently available. Furthermore, co-treatment with prostaglandin E2 and Nacetylcysteine increased the time window for successful intervention. 151 Recently, Jain et al 156 performed a CRISPR screen using cells treated with respiratory chain inhibitors, which leads to massive ROS production, as a model for mitochondrial disease. Guides targeted to von Hippel-Lindau factor effectively suppressed the mitochondrial disease phenotype. We verified this finding in vivo, showing vhl null fish are resistant to respiratory chain inhibition-induced death. Chemical activation of hypoxia-inducible factor signaling in WT fish also alleviated death caused by respiratory chain inhibition. Future studies should explore the links between hypoxia, ROS, and liver damage, as well as the links between DILI, oxidative stress, and mitophagy.
Summary and Conclusions
Zebrafish have livers that function and develop HCC similarly to human livers and offer unique advantages for researchers aiming to understand and develop novel treatments for liver disease. The ease of transgenesis and loss-of-function mutagenesis studies combined with the inexpensive housing costs facilitate the analysis of putative driver mutations found in HCC. Chemical screening combined with larval liver-size phenotypes enables identification and analysis of biochemical modifiers of liver growth and HCC development. Their small size and transparency promote live imaging studies to understand interactions between the liver, the microenvironment, and the immune system during development, liver disease, DILI, and oxidative stress. In these ways, zebrafish models complement more traditional rodent models in their ability to both dissect how specific genetic or biochemical insults influence liver health and also allow for unbiased screening for unknown genetic or biochemical modulators of liver biology.
There are some limitations of zebrafish HCC models. Mammalian hepatocytes have functional differences based on zonation between the central vein and the portal triads. No studies have identified comparable physical zonation in the zebrafish liver. Future studies should analyze the microarchitecture of the zebrafish liver for any indication of functional zonation or heterogeneity. Zebrafish and their livers are very small. In some cases, this is an advantage (eg, for live imaging and low housing costs), but in other situations this is a disadvantage (eg, less tissue for analysis by sectioning, transcriptomics, or Western blot). Antibodybased assays are somewhat fickle, likely owing to the limited identification and validation of antibodies able to recognize zebrafish antigens. Finally, tissue-specific knockouts using Cre-Lox in zebrafish lag behind the tools available for mice. The lack of a tractable zebrafish embryonic stem cell culture system has limited progress toward tissuespecific knockout generation, but improved genome editing tools and practices promise to overcome this hurdle. As more research groups adopt the zebrafish model organism, many of these problems will be overcome.
The premise of this review is that the current pipeline of HCC therapeutics has not produced major breakthroughs since the introduction of sorafenib. This raises the question, at which point in the pipeline can zebrafish models of HCC contribute? The clearest advantage of zebrafish models is in vivo chemical screening studies, which accelerate the identification of potentially efficacious compounds. How to proceed once these compounds are identified is a vital question with which the HCC community must engage. In cases in which the compounds identified are already Food and Drug Administration-approved for some other use, perhaps it is appropriate to move directly to Phase I clinical trials. This is occurring for some compounds identified using screens of other zebrafish disease models. 157 In cases in which the compounds identified have not yet been tested in patients, the pharmacokinetics and toxicology must be worked out in the appropriate and accepted mammalian models before Phase I trials. However, it is our opinion that verifying the efficacy of identified compounds in mammalian HCC models is not necessary and could be counterproductive given the poor track record of translation from murine models to clinical success.
